Introduction
Sirtuins( SIRTs), mammalian orthologues of yeast Sir2, are a family of NAD + -dependenthistone deacetylases,their activities closely correlated with cellular energy levels.
[1] SIRTsa re involved in metabolic regulation, stabilization of genomic DNA, stress responses, and even aging, [2] and SIRT modulators are considered attractive therapeutic targets. [3] Several methodologiest od etect SIRTa ctivity are available; they include the use of radioisotopes, [4] antibodies, [5] and HPLC. [6] Fluorescent probes have also been widely used, due to their high sensitivity and commercial availability, [7] but they generallyr equire trypsin digestion of aC -terminal lysine residue in order to produce af luorescences ignal after the SIRT reaction. [7] This requirement is problematic for screening purposes (e.g.,t rypsin inhibitors generate false-positive signals), and also makes it impossible to visualize SIRT activity in living cells with these probes. Therefore, ao ne-step procedure for detection of SIRT activity is desired, and one approachh as indeed been reported by Kikuchi and co-workers.
[8] They utilized an intramolecular transesterification mechanism,w hich affords a fluorescencei ncreasea fter deacetylation of al ysine residue by SIRT1. However,t hey found that the background fluorescence gradually increases under aqueous conditions even in the absence of SIRT1, probably due to instability of the probe,w hich containsacarbonate group. Therefore, their probe might be restricted to enzymes with higha ctivity,s uch as SIRT1 among the SIRT family,a nd it is unsuitable for cellular SIRTi maging. There is still an eed for as table, one-step fluorescencep robe suitable for imaging SIRT activity in living cells.
For al ong time, it was thought that SIRTs catalyze deacetylation reactions of histones and that some SIRTsa lso catalyze ADP ribosylation. [9] However,i ti sn ow known that some SIRTs show weak deacetylasea ctivity,b ut have relativelys trongd eacylase activities instead:S IRT4, for example, shows lipoamidase activity, [10] SIRT5 shows desuccinylase and demalonylase activities, [11] and SIRT6 shows demyristoylase activity. [12] The demyristoylase activity of SIRT6 regulates secretion of TNF-a. [12] Interestingly,t he X-ray crystal structure of SIRT6 shows al arge hydrophobic pocket that accommodates the myristoyl group. [12] Moreover,o ther reports indicatet hat several SIRTs, including SIRT1, -2, and -3, show deacylase activity towards lysine residues bearing long-chain fatty acyl groups, in addition to their strong deacetylase activities. [13] These resultss uggest that SIRT1,-2, and-3m ight also have large hydrophobic pockets for recognition of long-chain fatty acyl groups. [14] In this study we report new one-step SIRTa ctivity probes that utilize this deacylase activity. Specifically,w eh ypothesized that lysine residues bearing large quencher dyes, such as 4-(4-dimethylaminophenylazo)benzoyl (Dabcyl) derivatives, would be recognized and hydrolyzedb yS IRTst hat have large hydrophobic pockets.O nt he basis of this hypothesis,w es ynthesized FRET-based SIRT probes SFP1-3( Scheme1,b elow), each containing aD abcyl-based quencher,a nticipatingt hat their fluorescencew ould be activatedb yS IRT-mediated hydrolytic Sirtuins( SIRTs) are af amily of NAD + -dependent histone deacetylases.I nm ammals,d ysfunction of SIRTsi sa ssociated with age-related metabolic diseases andc ancers, so SIRT modulators are considereda ttractive therapeutic targets. However, current screening methodologies are problematic, and no tools for imaging endogenous SIRT activity in living cells have been available until now.I nt his work we present as eries of simple and highly sensitiven ew SIRT activity probes. Fluorescence of thesep robesi sa ctivated by SIRT-mediated hydrolytic releaseo fa4-(4-dimethylaminophenylazo)benzoyl (Dabcyl)-based FRET quencher moiety from the e-amino group of lysine in an onapeptide derived from histoneH 3K9 and bearinga C-terminal fluorophore. The probe SFP3 detected activities of SIRT1, -2, -3, and -6, which exhibit deacylase activities towards long-chain fatty acyl groups.W et hen truncated the molecular structure of SFP3 in order to improveboth its stabilitytopeptidases and its membrane permeability,a nd developed probe KST-F,w hichs howeds pecificity for SIRT1 over SIRT2 and SIRT3. We show that KST-F can visualize endogenous SIRT1 activity in living cells.
releaseoft he Dabcyl moiety.S urprisingly,S FP3 was hydrolyzed by SIRT1, -2, -3, and -6, and was an excellent substrate for SIRT1 (K m = 0.10 mm), with the releaseo fD abcyl dyes. We then truncated the molecular structure of SFP3 to improvei ts stability and membrane permeability,o btaining probe KST-F.W e show that KST-F can visualize endogenous SIRT1 activity in living cells. Recently,S chutkowskia nd co-workersr eportedasimple methodology for detecting SIRT activity in which longchain acyl groups bearings mall quencher moieties-2-aminobenzoylamide groups-at the other end of the chain are directly cleaved by SIRT2. [15] We believe the discovery that Dabcyl lysinei saSIRT substrate further expands the substrate scope of SIRTsa nd that the longer excitation wavelengths of Dabcyl dyes should also be advantageous for activity measurements.
Results and Discussion
Strategy and molecular designfor SIRT activity detection
As mentioned above, X-ray crystal structure analysish as revealed the presence of al arge hydrophobic pocket in SIRT2 and also in SIRT2, [12, 14] and despite the absence of direct evidence, we speculated that SIRT1 and SIRT3 might have similar pockets.T herefore, taking into account that some SIRTs exhibit deacylase activities towards long-chain fattya cyl groups, [12] [13] [14] we considered that the substrate-recognition pockets of SIRTs might be very flexible, and might recognize even Dabcylbased quencher moieties. On the basis of this hypothesis, we designed probes SFP1-3, each consisting of an onapeptide derived from histone H3K9, [16] aC -terminal fluorophore, and a Dabcyl quencher dye attached to al ysine e-aminog roup. In this design, we considered that the Dabcyl moiety would quencht he fluorescenceo ft he fluorophore, butw ould be recognized and hydrolyzed by SIRTsw ith large hydrophobic pockets, resulting in afluorescence increase, as shown in Scheme 1.
Synthesis and photochemical characteristics of SFP0-3
SFP1-3w eres ynthesized as shown in Schemes S1-3 in the Supporting Information. In brief, H3K9 nonapeptide was synthesized by meanso fF moc solid-phase synthesis on 2-chlorotrityl chloride resin. It was cleaved from the resin with weak acid (1 %T FA)w ithout cleavage of the protecting groups of the peptides equence. The Cbzg roup on the lysine residue was removed, and three Dabcyl derivatives( Dabcyl, ÀEH and ÀPH) activated with succinimidyl ester moieties were linked to the e-amino group.F luorescein isothiocyanate (FITC)-DAÀ NH 2 ·TFAw as attached at the Cterminus of each peptide with (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylaminomorpholinocarbenium hexafluorophosphate( COMU), and the protecting groups of FITC and the peptides were removed with K 2 CO 3 and TFA, respectively.E ach probe was purified by HPLC, and the structures were confirmed by HRMS.U sing the same procedure, we also synthesized SFP0 (with ap rimary amine at the lysine residue) as the putative product of enzymatic reactionw ith SIRTs( Scheme S4).
We first measured the absorption and fluorescence spectra of SFP0-3a nd calculated the fluorescenceq uantum yields ( Figure 1 , Table 1 ). SFP0 showeds trong fluorescence( F FL = 0.70), whereas SFP1-3s howedv ery weak fluorescence, thus suggesting that FRET does occur in these molecules and effectively quenches the fluorescence of SFP1-3( F FL = 0.009-0.031).
Enzymatic reactionsa nd kinetics of SFP1-3w ith SIRT6
We examined the reactions between SFP1-3and SIRT6, the deacetylation activity of which is poor. [12] Interestingly,f luorescence incrementso fS FP2 and SFP3, but not SFP1, were observed with SIRT6 (Figures 2A and S1 ). These fluorescence incrementsw ere SIRT6-and NAD + -dependent, and they were suppressed by nicotinamide (NAM), ap an-SIRT inhibitor, [17] thus showingt hat they reflectS IRT6 enzymatic activity.T he increase in fluorescence was higher with SFP3. This result suggests that SIRT6 shows ap reference for aliphatic carboxylates (as in SFP2 and SFP3), in accordance with reports that SIRTs deacylate fatty acids,b ut not aromatic carboxylates. [13] We next conducted ap roduct analysis of the enzymatic reactionb y HPLC ( Figure 2B ). The peak of SFP3 decreased time-dependently,a nd two new peaks were generated. We assigned these two peaks as SFP0 andD abcyl-PH. Thus, the enzymatic reaction between SFP3 and SIRT6 proceeded as we had expected, and the fluorescencei ncrement was due to generation of SFP0. We also investigated the kineticso ft he SIRT6 reaction. The K m and k cat values were found to be 2.1 mm and 0.0029 s À1 , Scheme 1. Schematicillustration of our strategyf or one-step detection of SIRT activity. Table 2 ). These values are similart ot he reported values of H3K9 myristoyl and palmitoyl (C 14 and C 16 ) derivatives, [11] the K m and k cat values of which were 3.4 mm/ 0.0049 s
À1
,a nd 0.9 mm/0.0027 s
,respectively (TableS1). [a] Activities of other SIRT family members towardsSFP3
It has been reportedt hat SIRT1-3 showed strongd emyristoylase activity, whereas SIRT4 did not. [13] We found that the reaction between SFP3 andS IRT1 proceeded even more rapidly than that between SFP3 and SIRT6 ( Figure 3A) . Kinetic analysis revealed that SFP3 is an excellent substrate of SIRT1:t he K m and k cat values were calculated to be 0.10 mm and 0.023 s À1 m
,r espectively (Table 2, Figure S2 ). SFP3 was also moderately susceptible to SIRT2 and SIRT3, but was not hydrolyzed by SIRT4 (Figure 3B-D) . Product analysiso ft he enzymatic reactionb etween SFP3 and SIRT1 by HPLC showedt hat SFP0 and Dabcyl-PH were generated, withouta ny apparent side reaction( Figure S3 ). These resultsa gain strongly support our idea that the Dabcyl-PH group is recognized as efficiently as myristoyl and palmitoyl groups by various SIRT enzymes. The reactivity (k cat /K m )o fS IRT family members towards SFP3 was as follows:S IRT1 @ SIRT2 > SIRT6 > SIRT3 @ SIRT4 (Table 2,  FigureS2) .
Evaluation of reported SIRT inhibitors and activators with SFP3
We next examined the effects of several SIRT modulators on the hydrolysis of SFP3, because SFP3 detects deacylase activities for long-chain fatty acyl groups, not deacetylase activity, whereas reported SIRT modulators have been identified in terms of action on the deacetylase activity.W ef ocused on NAM and EX-527 as SIRT inhibitors, [18] and on resveratrol and quercetin as SIRTactivators (Figure 4) . [19] EX-527 inhibited SIRT1 ten times more potently than it did SIRT6, whichw as only weakly inhibited ( Figure 4A) . [20] NAM inhibited all the SIRT subtypes tested, with IC 50 values ranging from 5.6 to 120 mm (Figure 4B ), in accordance with ap reviousr eport. [21] Resveratrol did not affect SIRT1 activity, but weakly inhibited SIRT6 (IC 50 % 190 mm,F igure 4 C). The inhibitory activity of resveratrol towards SIRT1 remains controversial, [22] and we can at least say that resveratrol did not greatly affect SIRT activity in our assay system.Q uercetin had similar effectso nS IRT1 and SIRT6 activities:t hat is, inhibitiona tl ower concentration,b ut activation at higherc oncentration, in accordance with ap revious report ( Figure 4D) . [23] Ta ken together,t hese results suggest that SIRT modulators generally have similare ffects on deacetylase activity and deacylase activity towards long-chain fatty acyl groups.
Applicability for cell-based assay
Only al ittle work has been done to evaluatee ndogenousS IRT activity in living cells. [24] Therefore, we were interested in applying SFP3 for this purpose. There were two important points to consider: 1) intracellular endopeptidasesc an hydrolyze SFP3, and 2) SFP3 might be membrane impermeable because it is a fairly large peptide. To address these points, we first prepared lysates of human embryonic kidney (HEK) 293, HCT116, and PC3c ells and evaluated the stability of SFP3 in these lysates (Figure S4 A) . Fluorescence incrementsw ere observedi na ll three lysates,b ut they were not suppressed in the presence of NAM; this suggestedt hat they were not due to SIRTactivity,a nd that SFP3 was not stable in cell lysates.T his was confirmed by HPLC analysis, which indicated that SFP3 afforded complex products in cell lysates, and that these did not include SFP0 or Dabcyl-PH (Figure S4 B) . Thus, SFP3 itself is not applicable to cellular systems.
Modification of SFP3 for intracellular application
We considered that short peptides, up to tripeptides, might be resistantt oe ndopeptidases and might also be more membrane permeable. Therefore, we designed and synthesized four truncated SIRT activity probes: K-F,K S-F,K ST-F,a nd TKT-F,e ach consistingo falysine residue bearing Dabcyl-PH on the eamino group as aS IRT deacylation site and linked to one, two, or no othera mino acids, on the basis of ap reviously reported acetylome analysis( Figure 5A ,S cheme S5-7). [25] We measured the absorption and fluorescence spectra of these four probes and calculated the fluorescence quantum yields. All four probesw ere efficiently quenched by FRET (F FL = 0.006-0.015; Figure S5 , Table S2 ). Next, we evaluated the stabilities of these probesi nH CT116 cell lysate ( Figure 5B ). All four probesw ere much more stable than SFP3 in the lysate. In that experiment, weak fluorescencei ncrements were observed, especially in the cases of KS-F,K ST-F,a nd TKT-F,a nd they weres uppressedi n the presence of NAM, thus suggesting that SIRT activities in the lysatec ould be detectable by some of these probes. Similar resultsw ere obtained with HEK 293 and PC-3 cell lysates ( Figure S6 ). We further confirmed that KST-F remained stable in the lysates for at least two hours by meanso fH PLC analyses ( Figure 5C ).
We next compared the enzymatic reactions of these probes and SFP3 with SIRT1 ( Figure 5D ). KS-F,K ST-F,a nd TKT-F showedm oderate reactivities with SIRT1 ( Figure S7 ), but K-F showedl ow reactivity;n evertheless, K-F didr eact to some degree with SIRT1, andt his suggested that even one lysine residue bearing aD abcyl-PH group can be recognized by SIRT1. Kinetic analyses showed that the k cat /K m values of KS-F, KST-F,a nd TKT-F were aboutt en times lower,a nd that of K-F was 500 times lower,t han that of SFP3, thus suggesting that truncating the molecule has little influence on the reactivity with SIRT1 until K-F is reached (Table 3) . On the other hand, Figure 5 . Development of stable,m embrane-permeable SIRT probesapplicable to cellular systems. A) Structureso fthe probes. B) Stability of the fourSIRT probesand of SFP3 in HCT116 lysate. Reactions were performed with 2.5 mm SIRT probes, 500 mm NAD, and HCT116 lysates (0.4 mg mL À1 protein)i nSIRTHTS assay bufferat3 78Conamicroplate.N AM (5 mm)w as used as ap an-SIRT inhibitor.C)HPLC analyses of reaction products of 20 mm KST-F in HCT116 cell lysate (0.4 mg mL À1 protein). Absorbances at 440 nm and 525 nm were monitored. D) Fluorescence enhancement due to enzymatic reactions between the probesand SIRT1 at 60 min. Reactions were performed with 2.5 mm SIRT probes,5 00 mm NAD,a nd 20 nm SIRT1 in SIRT HTS assayb uffer at 37 8Co nam icroplate. The results are means AE SDs (n = 3). Asterisks show statistical significances examined by Bonferroni-type multiple t-test: ** p < 0.01, *** p < 0.001. the reactivities of the four probesw ith SIRT2 and -3 were quite low (FigureS8).
Imaging endogenousSIRT1 activity
We considered that KST-F might be practical for imaging SIRT1 activity in cellular systems, due to its stability and low molecular weight. We therefore adopted aw ell-established strategy for intracellular probes, and prepared ad iacetylated derivative of KST-F:K ST-F-DA, which would be expectedt os how high membrane permeability and to be hydrolyzed to KST-F by intracellular esterases. Incubation of KST-F-DA with HEK 293 cells resultedi nagraduali ncrease in fluorescence, and pretreatment with 10 mm NAM or 20 mm EX-527 blockedt his increase ( Figure 6A ,B ,D ,a nd E). In contrast, pretreatment with 10 mm AGK2, aS IRT2-specific inhibitor,d id not affect the fluorescence increment ( Figure 6B and E), thus supporting the involvement of endogenous SIRT1 activity in generating the fluorescence. In addition, interestingly,s timuli of serum starvation made af luorescence increment more potent in HEK 293 cells ( Figure 6C and F), probablyd ue to the activation of sirtuin activity.I th as been reported that SIRT1 protein levels were elevated under serum starvation in HEK 293 cells, strongly supporting our data. [26] Because KST-F mainly reactedw ith SIRT1 in vitro (Figures 5D and S7), we consider that the fluorescencei ncrement is likely predominantlyt or eflect cytoplasmica nd nucleic SIRT1 activities in the cells.
Conclusion
On the basis of recently reported SIRTs ubstrate specificities, [11, 12] we designed and synthesized the FRET-based SIRT probesS FP1-3, each consisting of an onapeptide derived from histoneH 3K9 and bearing aD abcyl quencher dye on the eamino group of the lysine residue, together with aC -terminal fluorophore. SFP3 showeds ingle-step fluorescencea ctivation due to cleavage of the Dabcyl moiety by SIRT1, -2, -3, and -6. Then, to obtain dyes suitable for intracellular imaging, we set out to improve the stability and membrane permeability by truncating the SFP3 molecule. This strategy proved successful, and one of the resulting probes, KST-F,c ould visualize endogenous SIRT1 activity in living cells for the first time. We expect our probe to be au seful tool for sophisticated functional studies of native SIRT1.
Experimental Section

1
HNMR spectra were recorded with aJ EOL JNM-LA500 or JEOL JNM-A500 spectrometer in the indicated solvent. Chemical shifts (d)a re reported in parts per million relative to the internal standard, tetramethylsilane (TMS). Electrospray ionization (ESI) mass spectra were recorded with aJ EOL JMS-T100LC mass spectrometer equipped with an anospray ion source. UV/Vis absorption spectra were recorded with aU V-1800 spectrophotometer.F luorescence spectra were recorded with an RF-5300PC fluorimeter.A nalytical HPLC was performed with aS himadzu pump system equipped with ar eversed-phase ODS column (Inertsil ODS-3 4.6 150 mm, GL Science) at af low rate of 1.0 mL min
À1
.S emipreparative HPLC purification was performed with aJ ASCO PU-2086 pump system equipped with ar eversed-phase ODS column (Inertsil ODS-3 20 250 mm, GL Science) at af low rate of 10 mL min
.M icroplate fluorescence assay was performed with an ARVO X5 platereader (PerkinElmer). Confocal fluorescence images were taken with an IX-71 (Olympus) equipped with disc scanning unit. Recombinant human SIRT1 was purchased from R&D Systems, SIRT2 and SIRT3 were purchased from ATGen, and SIRT4 and SIRT6 were purchased from BioVision. Amino acids and resin were purchased from Watanabe Chemical Industries, Ltd. All other reagents and solvents were purchased from Sigma-Aldrich, To kyo Chemical Industry Co.,L td. (TCI), Wako Pure Chemical Industries, Nacalai Tesque, or Kanto Kagaku and used without further purification. Flash column chromatography was performed with silica gel 60 (particle size 0.032-0.075) supplied by Ta ikoh-shoji.
